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ABSTRACT 

This is the first quarterxy report for the Development of an 

Integrated Lightweight Flexible Silicon Solar Cell Array. 

study is to provide design data that 

of lightweight flexible solar arrays which are significantly lighter 

and less expensive than arrays presently being designed. Included 

in this report are solar cell cost effectiveness comparison, a 

preliminary analysis of a continuous process solar cell ultra-thin 

cover installation process, a detailed analysis of solar cell inter- 

connect stresses and an analysis of a ribbon substrate with associated 

test data. 

The 

w i l l  help in the development 
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SUMMARY 

The object  of t h i s  program i s  t o  analyze, develop and tes t  t h e  

various components and systems which can be in t eg ra t ed  t o  form a 

lightweight f lexible s o l a r  c e l l  a r ray  capable of producing 100 w a t t s  

per  pound a t  a p r i c e  of $100 pe r  w a t t *  

of t h i s  program t h e  a r r ay  study has been broken down i n t o  four  t a sks  

which are d i r e c t l y  associated with t h e  various components of t h e  

a r ray .  A l i t e r a t u r e  search and review w a s  performed t o  determine 

t h e  cur ren t  s t a t e -o f - the -a r t  development of l ightweight a r rays  t o  

minimize dupl icat ion of e f f o r t  and t o  c l a r i f y  t h e  approach t o  be 

taken. 

To achieve t h e  object ives  

A survey w a s  made t o  gain information on s o l a r  c e l l  p r ices  as a 

funct ion of s i ze ,  thickness,  quant i ty  and configuration. 

I n  order t o  obtain usefu l  c e l l  p r i ce  information, an ana lys i s  w a s  

conducted based upon c e l l  p r i ces  from 1958 through 1969 along with 

some current  data. A learning curve type t r end  became apparent 

and by u t i l i z i n g  t h i s  information, estimated c e l l  p r ices  f o r  t h e  

present and a f u t u r e  (1974) period were generated. This allowed 

a comprehensive determination t o  be made of power (weight) cost  

versus c e l l  thickness  and an optimum cos t  e f f e c t i v e  c e l l  design was  

i d e n t i f i e d .  The optimum system present ly  ava i l ab le  w a s  found t o  
u t i l i z e  8 m i l  t h i ck  c e l l s .  

s o l a r  c e l l s  w i l l  become optimum. A preliminary ana lys i s  of a 

continuous ribbon g la s s  cel1,cover process has been completed. 

The ana lys i s  w a s  divided i n t o  two pa r t s ,  adhesive se l ec t ion  and 

ribbon g la s s  s e l ec t ion  and s iz ing .  Several  adhesives were t e s t e d  

however. 

most s a t i s f a c t o r y  adhesive. 

ribbon g la s s  was  evaluated and methods of applying t h e  glass to t h e  

c e l l  w e r e  developed. It w a s  determined t h a t  t h e  ribbon configuration 

could be supplied i n  various chemical compositions including 0211 

microsheet which i s  present ly  used f o r  s i l i c o n  s o l a r  c e l l  covers 

thus minimizing t h e  need f o r  a comprehensive rad ia t ion  evaluat ion 

By 1974 it i s  estimated t h a t  4 m i l  

Sylgard 182 or Dow Corning XR6-3489 was determined t h e  

A t h i n  Corning 8871 high lead  content 
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program. The a v a i l a b i l i t y  of t h i s  composition g l a s s  adds g rea t  

impetus t o  t h e  study because of t h e  opportunity t o  use a material 

with known proper t ies .  

The problems associated with handling and cu t t i ng  g lass  O.OOl3 
inches th i ck  were d i f f i c u l t  and required spec ia l  techniques f o r  

t h e i r  so lu t ion .  

t o  t h e  s o l a r  c e l l  and t r i m  t h e  g l a s s  t o  s i z e  a f t e r  t h e  adhesive 

had cured. Three methods of trimming t h e  g l a s s  were evaluated. 

They were a hot  nichrome wire, a s m a l l  precis ion sandblasting u n i t  

and a diamond scr ibe .  A l a rge  number of samples were prepared and 

were trimmed using t h e  various techniques. This evaluation resu l ted  

i n  acceptable trimmed edges with 51% of t h e  diamond scr ibed covers, 

44% f o r  t h e  sandblasted edges and 16% f o r  t h e  hot  wire method. 

The approach followed w a s  t o  bond t h e  t h i n  g l a s s  

An ana lys i s  of interconnector  i n  design parameters w a s  made. This 

analysis considered stress d i s t r ibu t ions ,  thermal cycling f a t igue  

and v ib ra t iona l  f a t igue .  For a f l e x i b l e  l ightweight array,  t h e  

stress loop type interconnector  w a s  found t o  be a marginal design 

i n  respect  t o  f a t igue  res i s tance .  Consequently a l t e r n a t e  intercon-  

nector  concepts were invest igated.  

interconnector  was considered and appeared des i rab le  f o r  t h e  l i g h t -  

weight array.  An ana lys i s  of t h e  l ightweight ribbon subs t r a t e  showed 

t h a t  bond s t rength  w a s  e s s e n t i a l l y  independent of bond area  o r  ribbon 

width. This allows one t o  design a subs t ra te  using narrow ribbons 

r a t h e r  than completely covering t h e  back of c e l l s ,  thus  saving 

considerable weight. This system not only eliminates t h e  unnecessarqy 

f i l m ,  bu t  a l s o  eliminates much c e l l  bonding adhesive t h a t  does not 

cont r ibu te  t o  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  s o l a r  c e l l  a r ray .  The 

ana lys i s  w a s  begun by inves t iga t ing  t h e  f a i l u r e  mechanism of t h e  

ribbon subs t r a t e  concept. Results of the ana lys i s  ind ica ted  t h a t  

up t o  a point  t h e  t e n s i l e  s t r eng th  of c e l l s  bonded i n  s e r i e s  using 

a polyimide ribbon and RTV s i l i c o n  rubber w a s  independent of t h e  

dis tance t h a t  t h e  polyimide ribbon overlapped t h e  c e l l .  Op t imum 

overlap w a s  about 0.100 inches.  This w a s  based on t h e  r e s u l t s  of 

A wrap-around type t h i n  f i l m  
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tests conducted on 100 samples with film overlap of O.O5O", 0.100", 
0.1501', 0.200" and 0.250". 



1.0 INTRODUCTION 

Solar  c e l l  development has progressed a t  a rapid rate f o r  t h e  pas t  

e ight  years  and t h e  u n i t s  of m e r i t ,  such as w a t t s  per  pound and 

d o l l a r  per  w a t t  f o r  ind iv idua l  s o l a r  c e l l s  have been s ign i f i can t ly  

improved 

Unfortunately these  improvements i n  a l l  eha rac t e r i s t i e s ,  although 

s ign i f i can t  when appl ied t o  t h e  ind iv idua l  c e l l  weight and costs ,  

do not have t h e  same impact on t h e  complete s o l a r  c e l l  array. 

State-of- the-ar t  a r r ay  f ab r i ca t ion  designs and techniques r e s u l t  

i n  an a r r ay  weight about t e n  t i m e s  t h e  weight of t h e  e s s e n t i a l  

ac t ive  deviceg and r e s u l t  i n  cos ts  t h a t  a r e  increased by more than 

a f a c t o r  of two. Obviously, i f  progress i s  t o  be made i n  t h e  reduc- 

t i o n  of weight and cos t  of s i l i c o n  s o l a r  c e l l  arrays,  it must include 

s tud ie s  of a l l  components i n  t h e  array and not be r e s t r i c t e d  toward 

t h e  s o l a r  c e l l  device alone. A s  a r e s u l t  new materials and techniques 

are being inves t iga ted  t o  determine t h e  proper approach f o r  making 

a s i g n i f i c a n t  improvement i n  a r r ay  design. New array concepts along 

with unique f ab r i ca t ion  methods are being s tudied,  with t h e  goals 

being increased power t o  weight r a t i o s  and a decrease i n  t h e  cos t  

per  w a t t  of powel- generated. 

This repor t  describes t h e  progress of a program t o  develop an advanced 

concept in tegra ted  l ightweight f l e x i b l e  s o l a r  eel1 a r r ay  with inherent  

v e r s a t i l i t y .  This a r r ay  concept could be r ead i ly  adapted t o  s p e c i f i c  

deployment designs and mission requirements. The u l t imate  goal  of a 

f l e x i b l e  in tegra ted  a r r ay  program such as t h i s  being proposed would 

be t h e  development of processes t o  produce a s o l a r  c e l l  a r r ay  (complete 

with power bus, but  excluding deployment mechanism) capable of producing 

120 w a t t s  per  pound a t  power l e v e l s  g rea t e r  than one k i lowat t  a t  a cos t  

of approximately $100 per  w a t t .  

1 - 1  



2.0 TECHNICAL DISCUSSION 

The Heliotek in tegra ted  f l e x i b l e  s o l a r  c e l l  a r r a y  concept has 

evolved from an ana lys i s  of t h e  cos t  and weight contr ibut ions made 

by each component o r  process i n  a t y p i c a l  complete array.  

and cos t  contr ibut ions made by each component w e r e  then compared s o  

t h a t  t h e  areas where major improvements could be made were iden t i f i ed .  

New ideas  f o r  improved materials and methods were then appl ied t o  t h e  

var ious components t o  improve t h e  design i n  respect  t o  both superior  

performance and more economical manufacturing p o s s i b i l i t i e s .  

following sec t ions  discuss  each component o r  area of study and i l l u s -  

t ra te  ideas and concepts f o r  u t i l i z i n g  more advanced technology o r  

improving ex i s t ing  component performance. 

from t h i s  development study, w i l l  be an improved ove ra l l  s o l a r  c e l l  

a r r ay  which will be v e r s a t i l e ,  and can be appl ied t o  a l l  solay power 

systems. The ul t imate  objec t ive  i n  t h i s  s tudy will be an advanced 

a r r ay  made up of an in tegra ted  module of s i l i c o n  s o l a r  c e l l s  about 

one foo t  square o r  l a r g e r  which can be r ead i ly  interconnected a t  

low cos t  t o  make up a l a r g e r  system. A l l  c r i t i c a l  operations such 

as c e l l  contacting and coverglass appl ica t ion  will be accomplished a t  

t h i s  modular s tage,  so t h a t  only i n s e n s i t i v e  bus connections need 

t o  be made by t h e  power systems f a c i l i t i e s .  This e l iminates  t h e  

need f o r  many f a c i l i t i e s  t o  l ea rn  t o  work with highly c r i t i c a l  

operations such as c e l l  contacting, which has proven t o  be qui te  

va r i ab le  from one f a c i l i t y  t o  another with a r e l i a b i l i t y  v a r i a b i l i t y  

assoc ia ted  with it. 

a r ray  of c e l l s  would be completely interconnected e l e c t r i c a l l y  and 

mechanically with a s u i t a b l e  f l e x i b l e  s t r u c t u r a l  skin.  This a r r ay  

would have i n t e g r a l  metal bus members f o r  power d i s t r i b u t i o n .  The 

appl ica t ion  of t h i s  i n t eg ra t ed  a r r ay  would be highly v e r s a t i l e .  A 

l a rge  f l e x i b l e  array would be accomplished by simply bonding t h e  

in t eg ra t ed  a r rays  toge ther  and interconnect ing t h e  metal bus members 

as desired. This l a rge  a r r ay  could then be supported by any f l e x i b l e  

deployment mechanism present ly  contemplated. 

The weight 

The 

The ne t  r e s u l t  an t ic ipa ted  

I n  t h i s  design being developed a l a rge  in tegra ted  

The design a l s o  can be 
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conveniently applied to advanced rigid deployment systems such as 

the beryllium frame panel or  conventional aluminum skin rigid panels, 

if the advantages of eliminating the substrate weight are not desired 

f o r  a particular mission. 

The following sections describe the work being performed to analytically 
evaluate the design factors that need to be optimized and the experi- 

mental work which has been done to evaluate new materials and process 

techniques e 
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2.1 SOLAR CELL EVALUATION AND SEEZCTION 

The i n t e n t  of t h e  c e l l  evaluat ion p a r t  of t h e  l ightweight a r r a y  

study was t o  determine t h e  optimum c e l l  configuration which would 

provide t h e  bes t  power t o  weight r a t i o  a t  t h e  least cost .  

a t rade-off  study such as t h i s  should be e a s i l y  obtained by comparing 

cos t s  of var ious s i z e  and thickness  s o l a r  c e l l s  and r e l a t i n g  t h i s  t o  

t h e  power output values,  Actual ly  t h i s  i s  not s o  simple s ince  there 

are many c e l l  types available and t h e  number of var iab les  becomes 

very large.  

of development of a p a r t i c u l a r  c e l l  type. I n  s p i t e  of t hese  problems, 

an attempt w a s  made t o  develop a matrix of c e l l  types,  and current  

cos t s  were requested. 

Idea l ly  

Also t h e  c e l l  cos t s  are highly dependent upon t h e  degree 

The following va r i ab le s  were considered important 

f o r  t h i s  program and were included i n  t h e  matrix.  

1, Standard b a r  c e l l s  - 2 x 2 ern 

2. Wrap-around contact c e l l s  - 2 x 2 ern 

3. k r g e  area c e l l s  - 2 x 4 em, 2 x 6 ern 

4. Various c e l l  thicknesses:  12, 8, 6, and 4 m i l s  

5. C e l l  q u a n t i t i e s  from 10K t o  2M. 

This  request f o r  ~)0~*7er output and general  cos t  information r e su l t ed  

i n  e i t h e r  no information submitted or at b e s t  only p a r t i a l  answers t o  

se lec ted  por t ions  of t h e  va r i ab le  matrix. 

po in t s  thus ava i l ab le  it became apparent t h a t  it would be impossible 

t o  ga in  any re levant  t rade-off  information t h i s  way. 

Analyzing t h e  f e w  da t a  

It was the re fo re  decided t h a t  i f  current  cos t  and performance data w a s  

not r ead i ly  ava i lab le ,  then maybe the t rade-off  design study could s t i l l  

be performed i f  t h e  p r inc ip l e s  of c e l l  economics could be defined. I n  
order t o  def ine  these p r inc ip l e s  a study w a s  made of t h e  s o l a r  c e l l  

f i e l d  over t h e  pas t  years  so  as t o  determine what kinds of t r ends  might 

be noticed. If d e f i n i t e  t rends were found then it was f e l t  t h a t  extrap- 

o l a t ions  could be made t o  t h e  present  and fu tu re  regarding such var iab les  

as new c e l l  design acceptance, c e l l  cos t s ,  performance and t i m e  f a c t o r s ,  
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I n  regard t o  s o l a r  c e l l  cos t s  it was concluded t h a t  a t  any p a r t i c u l a r  

t i m e  i n  h i s tory ,  t h e  th inner  t h e  c e l l  t h e  higher  t h e  cost .  

t h e r e  normally w a s  a range of c e l l  thicknesses  which were ava i lab le  

a t  e s s e n t i a l l y  t h e  same p r i c e  then  as t h e  thickness  w a s  decreased 

below t h i s  minimum ( o r  conventional) thickness  t h e  p r i c e  increased a t  

a very rap id  rate. 

long period of t i m e .  Although these  are b a s i c a l l y  schematic curves, 

t h e r e  are usua l ly  one or two h i s t o r i c a l  po in ts  on each curve t h a t  

genera l ly  fixed t h e  shape and magnitude of t h e  curve. 

normalized t o  L O  f o r  t h e  t h i c k e s t  (least expensive) c e l l  f o r  any period 

of t i m e  so t h a t  only thickness  e f f e c t s  were analyzed and general  cos t  

va r i a t ions  due t o  c e l l  design, production e f f ic iency ,  t i m e  period, s ize ,  

e t c . ,  were put on an equal basis. 

Actually 

Figure 2.1-1 shows t h i s  r e l a t ionsh ip  over a f a i r l y  

The curve was 

The value-one represents  b a s i c a l l y  t h e  s ta te -of - the-ar t  l a rge  volume 

production c e l l  f o r  t h a t  per iod of t i m e .  

i s  evident i s  t h a t  t h e  t r end  i s  t o  provide th inner  s o l a r  c e l l s  as t i m e  

goes on. Also t h e  c r i t i c a l  point  where th inne r  c e l l s  cost  appreciably 

more changes t o  th inner  c e l l s  with t i m e .  

t i n u a l l y  changing, information today w i l l  no t  be s a t i s f a c t o r y  f o r  

pro jec t ing  cos t  e f f e c t i v e  designs f o r  f u t u r e  a r r a y  designs. 

f o r  example, a curve i s  shown f o r  a 1974 projected estimate t h a t  can 

The f i rs t  obvious f a c t  t h a t  

Since these  curves are con- 

Therefore, 

be used i n  t h i s  study f o r  making a cost  e f f e c t i v e  a r r a y  design. 

1974 curve i s  expected t o  be similar t o  t h e  general  pa t t e rns  seen i n  

t h e  pas t ,  but  w i l l  be  s h i f t e d  so t h a t  t h e  c r i t i c a l  break occurs between 

4 and 6 m i l s  c e l l  thickness.  

This 

The reason f o r  using t h i s  type  of p r i ce  r e l a t i o n  i s  due t o  t h e  f a c t  

t h a t  a c t u a l  c e l l  p r i ces  w i l l  be a funct ion of many var iab les  i n  addi- 

t i o n  t o  c e l l  thickness .  Therefore, s ince  a c t u a l  p ro j ec t  requirements 

may vary, it w a s  desirable t o  e l iminate  t h e  e f f e c t s  of non-thickness 

related va r i ab le s  f o r  t h i s  present analysis .  Since thickness  i s  t h e  

primary va r i ab le  t h a t  a f f e c t s  the power t o  weight r a t i o ,  t h i s  i s  t h e  

var iab le  t h a t  becomes c r i t i c a l  f o r  t h i s  l ightweight a r r ay  study. 

Another c h a r a c t e r i s t i c  cost  curve t h a t  w a s  observed was associated with 

a c e l l  design change and t h e  learning curve associated w i t h  t h e  change. 
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Several s ign i f i can t  h i s t o r i c a l  design changes have taken place and 

can be used as examples. For instance,  t h e  change from P/N to N/P 

c e l l s ,  t h e  change from N contacts  to t i t an ium-s i lver  contacts,  t h e  

use of t h inne r  c e l l s ,  and t h e  use of l a r g e r  area c e l l s .  

examples had learning curve cha rac t e r i s t i c s  associated with t h e  change 

t h a t  r e f l ec t ed  i n  t h e  c e l l  costs .  I n  a l l  cases t h e  i n i t i a l  change 

r e su l t ed  i n  higher cos t s  with a subsequent drop to a base l e v e l  t h a t  

w a s  usua l ly  c lose to t h e  i n i t i a l  base level., Some types of changes 

make a quick recovery, while o ther  changes are more severe and requi re  

much time to reach t h e  base leve l .  

how these  c e l l  design changes t y p i c a l l y  appear i n  a cos t  ana lys i s .  

N/P c e l l s  had a s ign i f i can t  cost  impact a t  f i r s t ,  but  soon reached P/N 

cost  leve ls .  The 8 m i l  t h i c k  c e l l s  a l s o  had a s ign i f i can t  cost impact, 

but  were much slower to approach t h e  th i cke r  c e l l  base l i ne .  The la rge  

a rea  c e l l s  a r e  an  example where only a small cost  impact w a s  i n i t i a l l y  

seen, then t h e  learning curve was rapid and t h e  cos ts  dropped below t h e  

o r i g i n a l  base l i n e  level .  The wrap-around c e l l s  a r e  present ly  follow- 

ing a very slow learning curve; however t h i s  may be due to lack of 

i n t e r e s t  or due to bas ic  cost f ac to r s .  I n  any case it i s  apparent t h a t  

f u t u r e  c e l l  design changes such as wrap-around design w i l l  follow these  

bas i c  cost  pa t t e rns  and they  must be character ized and predicted f o r  

any new c e l l  design u t i l i z e d  i n  a cos t  ana lys i s  of new a r rays ,  

new c e l l  design cos t  considerations are combined with t h e  thickness  

e f f e c t s  w e  g e t  a curve such as t h a t  shown i n  Figure 2.1-3. Both la rge  

area c e l l s  and wrap-around c e l l s  a r e  of interest f o r  t h i s  l ightweight 

a r r a y  study and are shown i n  t h i s  f igure .  I n  t h i s  p l o t  t h e  1974 pro- 

jec ted  values show t h a t  t h e  t h i n  l a rge  a rea  c e l l s  are more expensive 

than  t h e  t h i n  2 x 2 m c e l l s  while t h e  t h i c k e r  la rge  area c e l l s  a r e  l e s s  

expensive. 

both other  c e l l  types i n  1974 although t h i s  p i c tu re  i s  l i k e l y  to change 

i f  an extensive e f f o r t  were placed on developing t h i s  type of c e l l .  

All of these  

Figure 2.1-2 shows schematically 

If these  

The wrap-around c e l l s  a r e  shown to be more expensive than 

I f  t h e  r e s u l t s  of t h e  data i n  Figure 2.1-3 are incorporated with t h e  

c e l l  performance datd-)for each type of c e l l ,  t h e  outcome of t h i s  ana lys i s  

i s  exhibi ted i n  Figure 2.1-4. 

1) 

This f i g u r e  shows t h e  r e l a t i v e  power/ 

Performance of Very Thin S i l i con  Solar  Cel ls ,  E. L. Ralph, 
Sixth Photovoltaic Spec ia l i s t s  Conference, Cocoa Beach, Flor ida,  
March 1967 
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weight/cost date for various types of cells as a function of cell 

thickness. 

estimated conditions in 1974 are shown. 
to the present-day 12 mil cell, 

the 8 mil cell appears optimum, with a shift to the 4 mil cell in 
approximately 4-5 years. Again, since the newer type cell prices 

reflect the requirement of a learning period, any increase or 
decrease in emphasis of effort in these area will greatly effect 
the period of time required before they reach the basic line con- 

ditions and become straightforward production items. 

A curve representing present-day conditions and one for 
These are again normalized 

The present-day curve indicates that 
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2.2 COVERSLIDE ASSEMBLY STUDY 

2.2.1 Introduct ion 

The purpose of t h i s  segment of t he  in tegra ted  a r ray  study was t o  

develop an inexpensive l ightweight s o l a r  c e l l  cover. Present 

techniques of  cementing and cleaning individual  covers i s  a cos t ly  

process with the l e a s t  expensive version cost ing about $1.75 per 

2 x 2 cm c e l l .  This cos t  i s  based on a system t h a t  w i l l  f u l f i l l  t he  

l e s s  strenuous near ea r th  requirements. The advanced concept being 

considered u t i l i z e d  a continuous g l a s s  ribbon process and should 

reduce t h e  cos t  by about 50%. 
would be on the  order  of 60%. 

The weight saving t o  be rea l ized  

The study was divided i n t o  two phases; t he  first was adhes,ve 

se l ec t ion  and the  second was g l a s s  s e l ec t ion  and a g l a s s  trimming 

technique. 

Required adhesive propert ies  a re :  

1) Good l i g h t  transmission 

23 Long Term environmental s t a b i l i t y  

3) Adaptabili ty t o  automated assembly. 

State-of- the-ar t  adhesives t h a t  were considered were RTV 602, Sylgard 

182, Dow Corning XR6-3489, G.E. SR 585 contact adhesive, and 

Schjeldahl GT 100 film adhesive, 1 m i l t h i c k .  The f l u i d  adhesives 

were applied by spraying both t h e  c e l l  and cover and by applying a 

metered quant i ty  of  adhesive t o  the  c e l l .  The cover was posit ioned 

on t h e  c e l l  and then was ro l l ed  with a pressure of 500 grams on a 

one inch wide, one inch diameter r o l l e r  t o  achieve t h e  desired thick- 

ness of  one t o  two mils and t o  remove bubbles between the  c e l l  and 

cover. The Sylgard 182 and I b w  Corning XR6-3489 proved t o  be most 

s a t i s f a c t o r y  i n  t h i s  study and t h e  metered bead of adhesive method 

was more s a t i s f a c t o r y  than spraying. 

The second phase of t h i s  t a sk  was concerned with g l a s s  s e l ec t ion  and 

a g l a s s  trimming technique. This concept involves t h e  use of a 

continuous ribbon of g l a s s  cemented t o  a continuous s t r i n g  of  s o l a r  

2 - 11 



c e l l s  and then trimmed t o  s i z e  a f t e r  t h e  cement has been cured. 

The concept of a continuous process of  coverglass appl ica t ion  used 

a Corning Glass type 8871 ribbon g la s s .  This i s  a high lead content 

g l a s s  used f o r  f ab r i ca t ing  precis ion capac i tors .  It i s  ava i l ab le  i n  

a continuous ribbon form i n  various thicknesses  ranging from 0.0013 

t o  0.0018 inches.  

including 0211 microsheet could be made i n  t h i s  form i f  s u f f i c i e n t  

quan t i t i e s  were required.  Preliminary tests and sample assemblies 

indicated t h a t  t h i s  ma te r i a l  configurat ion could enhance t h e  cos t  

and weight m e r i t  f a c t o r s  of l a rge  a rea  l ightweight s o l a r  a r r ays ,  The 

major problems with the  concept was s i z ing  the  g l a s s  and t h e  f a c t  

t h a t  ordinary handling techniques were inadequate. 

high breakage during handling of t h e  g l a s s  it was decided t o  inves- 

t i g a t e  the  p o s s i b i l i t y  of  bonding the  g l a s s  t o  the  c e l l  a s  a contin- 

uous process and trimming away t h e  excess glass, 

trimming t h e  excess g l a s s  were evaluated i n  t h i s  study, 

The manufacturer s t a t e d  t h a t  o the r  types o f  g l a s s  

I n  order  t o  avoid 

Three methods of 

The f irst  method consis ted o f  a nichrome wire held t a u t  between two 

insu la ted  posts.  Suf f ic ien t  current  was passed through the  w i r e  t o  

maintain a temperature of 750°C. 

s o l a r  c e l l  edge with a s l i g h t  shearing motion t o  avoid excess g l a s s  

bui lding up on the  c e l l  edge. The a r t  was accomplished e a s i l y  but 

t h i s  method was discarded because the re  was a high c e l l  r e j ec t ion  

r a t e  due t o  edge defec ts .  

This wire was passed along the  

The second method consis ted of using a high ve loc i ty  j e t  of abrasive 

p a r t i c l e s  25 microns i n  diameter a t  80 pounds per square inch a i r  

pressure,  using a gun with a nozzle diameter of  0.006 inches,  

method produced t h e  second highest  r e j e c t  rate, but i s  s t i l l  being 

considered fo r  a backup technique. 

This 

The t h i r d  and most successfu l  method uses a diamond sc r ibe  with a 

l / 2  t o  1 m i l  rad ius  'point and a pressure of 30 grams, The procedure 

cons i s t s  of drawing t h e  s c r i b e r  across  t h e  g l a s s  surface and l i g h t l y  

scoring t h e  surface.  The glass i s  then bent and broken along t h i s  

l i n e  ., 
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2,2.2 Adhesive Study Resul ts  

The purpose of t h i s  study was t o  s e l e c t  an adhesive capable of bonding 

O,OOl3 inch t h i c k  ribbon g l a s s  t o  a s i l i c o n  s o l a r  c e l l .  

was a l s o  required t o  be r ead i ly  adaptable t o  an automated process. 

The inves t iga t ion  was ca r r i ed  out  with the  i n t e n t  of comparing severa l  

new adhesive types with ex i s t ing  types with t h e  var ious tests devel- 

oped f o r  t h i s  appl icat ion.  

The system 

Before any tests were ac tua l ly  conducted, an  inves t iga t ion  of manu- 

f ac tu re  spec i f i ca t ions  was made. The c r i t e r i a  f o r  s e l ec t ion  were 

cure temperature ranges within - 100°C t o  -1- 100°C, rap id  cure time, 

adhesion upon contact  i f  possible,  and transparency. Upon completing 

t h i s  phase the following candidate adhesives were selected:  

l> Sylgard 182 (Conventional adhesive) 

2 ) RTV 602 ( Conventional adhesive ) 
3) XR6-3489 (Conventional adhesive) 

4) 
5) SR 585 ( N e w  appl ica t ion)  

6) RTV 3.40 (new appl ica t ion)  

Schjeldahl GT 180 (New appl ica t ion)  

These adhesives represent  a broad range f o r  t h e  appl ica t ion ,  

182 requi res  a c a t a l y s t  and cures very slowly a t  room temperature 

(about 1 day), 

( 2  minutes a t  200°F), 
hour a t  room temperature and cures  very quickly when hea t  i s  appl ied 

(1 minute a t  200"F), 

and possesses much t h e  same proper t ies ,  Schjeldahl GT PO0 i s  a sheet  

adhesive which melts and bonds when hea t  i s  appl ied (250°F), 
i s  a contact  adhesive which has  an opt iona l  c a t a l y s t ,  

completely cured before bonding. 

I n  t h e  f i rs t  approach used t o  study adhesive appl ica t ion  methods, 

each adhesive was prepared, according t o  manufacturer's spec i f ica t ions ,  

and appl ied t o  t h e  c e l l  with a syringe. Each cover s l i d e  was r o l l e d  

onto t h e  c e l l  t o  insure  a uniform bond free of bubbles and el iminat ing 

any excess adhesive between t h e  c e l l  and glass. 

Sylgard 

However, it cures  very r ap id ly  when hea t  i s  appl ied 

RTV 602 has a pot  l i f e  of  approximately one 

XR6-3489 i s  a pu r i f i ed  vers ion of Sylgard 182 

SR 585 
It i s  t o  be 

This t akes  about one day a t  300'F. 

Rol ler  pressure was 
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approximately 500 grams f o r  a one inch wide one inch diameter r o l l e r  

t o  avoid breaking t h e  c e l l .  

I n  t h e  second approach, each adhesive with t h e  exception of  Schjeldahl 

GT 100 was thinned t o  a consistency su i t ab le  f o r  spraying. 

was sprayed on both t h e  c e l l  and the  cover. 

(Naptha) t o  adhesive, by weight, was about 3:l i n  each case. 

The adhesive 

The r a t i o  of th inner  

A s  a t h i r d  appl ica t ion  t h e  ribbon g la s s  was coated on one s ide  by 

passing t h e  ribbon over t h e  adhesive container  so t h a t  only one s ide  

was wetted, 

was found t o  be a good consistency f o r  coating t o  avoid e i t h e r  

puddling o r  running af ter  coating. 

ca t ion  t o  production l i n e  assembly, 

appl ica t ions  the  coated g l a s s  was exposed t o  29 inches of vacuum a t  
room temperature t o  e l iminate  any a i r  bubbles present i n  t h e  adhesive. 

If t h i s  was not done t h e  p o s s i b i l i t y  of outgassing would e x i s t  between 

c e l l  and g l a s s  when bonded and subjected t o  thermai vacuum. The g l a s s  

was then r o l l e d  on t h e  c e l l  a s  described previously., 

t h e  adhesive being thinned again 3 : l  by weight. This 

This was the  t h i r d  possible  appl i -  

A s  a f i n a l  s t e p  f o r  t h e  l a s t  two 

After assembly, each specimen was exposed t o  heat and vacuum (300aF 

and 29 inches vacuum f o r  30 minutes). This was done t o  inspect  f o r  

any outgassing between c e l l  and g l a s s  severe enough t o  cause v i s i b l e  

bubbling of adhesive. Bubbles would, of course, be undesirable as 

a possible nucleus f o r  delamination and from addi t iona l  outgassing, 

2.2 2 1 Conclusions 

e: 
cha rac t e r i s t i c s .  They could be cured t o  a workable adhesive i n  

about two minutes a t  200'F. 

amount of  th inner  added. This was due t o  t h e  f a c t  t h a t  a t  t h i s  

temperature t h e  Naptha would b o i l  o f f  i n  a period of  approximately 

20 seconds. It appeared promising from a production l i n e  viewpoint. 

These adhesives showed very good cure 

This appeared t o  be independent of  t h e  

Applying t h e  adhesive revealed no problems. The adhesive would give 

a uniform even coating when dipped and t h e  excess squeezed o f f .  

Pressure was applied a t  about 1 lb/inch t o  remove enough excess t o  

avoid l a rge  amounts of waste when la te r  r o l l e d  on a t  10 lb/inch. 



These two combinations r e su l t ed  i n  an adhesive l aye r  of  about 1 m i l .  

When t h e  adhesive was sprayed ( th i cke r  than 1 mil) it could be 

squeezed and r o l l e d  onto t h e  g l a s s  with t h e  same results: 

outgassing under 30X magnification a f te r  thermal vacuum exposure. 

I n  summary, these  two adhesives were very good i n  every aspect.  

no v i s i b l e  

RTV 602: This adhesive a l s o  showed very good cure cha rac t e r i s t i c s .  

It would set up i n  about one minute a t  200'F. 

XR6-4589 t h e  Naptha content d idn ' t  seem t o  e f f e c t  t h i s  t i m e ,  

Like t h e  182 and 

The 602 could be handled i n  much the  same manner a s  t h e  182, but 

required g rea t e r  speed. This was due t o  i t s  i n s t a b i l i t y  a t  room 

temperature. 

j e l l  i n  about 10 minutes. 

t o  spray any quant i ty  o f  samples without t h e  spray gun clogging. 

amount of th inner  would e f f e c t  t h i s .  This same problem occurred 

when applied through the  syr inge o r  dipped. 

f o r  t h e  automated assembly l i n e  case because a quick cure i s  desired 

only when heat  i s  applied,  

A t  room temperature i n  small quan t i t i e s  it begins t o  

Because of t h i s  it was almost impossible 

No 

This i s  very undesirable 

No v i s i b l e  outgassing was apparent under 30X magnification af ter  

thermal vacuum exposure. 

RTV 602 appears very marginal i n  automated assembly appl icat ion,  

Schjeldahl GT 100: This adhesive, when placed between a s o l a r  c e l l  

and coverglass and heated t o  250°F would m e l t  and bond t h e  cover 

t o  t h e  c e l l ,  

t h r e e  o r  more would be formed by t h e  entrapped a i r ,  

these  bubbles could be r o l l e d  out  while t h e  adhesive was s t i l l  i n  

a f l u i d  s t a t e .  Because of t h i s  bubble generation t h e  sheet  adhesive 

concept appears i n f e r i o r .  

Large bubbles 30 t o  40 mils i n  diameter and usual ly  

About ha l f  

General E l e c t r i c  SR 585 Contact Adhesive: 

adaptable t o  t h e  ribbon g l a s s  tape concept. 

appl ied t o  one s ide  of  t h e  ribbon g la s s  and cured properly t h e  
r e su l t i ng  pressure sens i t i ve  tape  may be appl ied t o  a s o l a r  c e l l .  

I n i t i a l  samples formed a g rea t  many bubbles when subjected t o  a 

thermal vacuum of 300°F and 29 inches. 

This adhesive i s  readi ly  

If t h e  adhesive i s  

The bubble problem was 
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eliminated by subject ing t h e  adhesive t o  a more thorough cure i n  a 

29 inch vacuum a t  300°F f o r  one t o  e igh t  hours. 

t h e  g l a s s  tape was ro l l ed  on t h e  so l a r  c e l l s  t o  minimize a i r  entrap- 

ment. 

r o l l e r .  

Adhesive was appl ied t o  t h e  ribbon g la s s  using a surface d ip  technique. 

Completed samples were subjected t o  a thermal vacuum of 300°F and 

29 inches vacuum t o  determine i f  addi t iona l  bubbles would be formed 

under t h e  cover, After a two-hour exposure addi t iona l  bubbles were 

observed so t h i s  system has been re jec ted .  

After t h i s  cure 

Rolling pressure was about t e n  pounds on a one-inch wide 

The adhesive thickness  was approximately 0.001 inches. 

2.2.3 Tr imming Procedure Results 

The objec t ive  of t h e  trimming procedure inves t iga t ion  was t o  ga ther  

s u f f i c i e n t  date  t o  determine which of  t h r e e  g l a s s  trimming techniques 

would be most adequate. The th ree  methods inves t iga ted  were a hot 

w i r e ,  abrasive or sandblasting and t h e  diamond scr ibe ,  

Samples consis ted of f ive c e l l s  bonded t o  an adequate length of ribbon 

g l a s s  t o  sirnd-ate a continuous process model. Distance between t h e  

c e l l s  i n  t h i s  t es t  was approximately one c e l l  width. 

t h i s  dis tance would be much less, about 0.100 inches. The g l a s s  was 

bonded using t h e  Sylgard 182 adhesive bead technique previously men- 

t ioned.  Bond l i n e  thickness  var ied from two t o  th ree  mils, This 

bond l i n e  thickness  must eventually be reduced t o  one t o  two m i l s  i f  

t h e  weight ob jec t ive  i s  t o  be achieved. 

I n  a c t u a l  prac t ice  

The qua l i ty  of t h e  trimmed edges was based on t y p i c a l  edge ch ip  and 

corner chip c r i t e r i a .  

from t h e  c e l l  edge and 0.150 inches long. 

were 0.020 inches on a leg .  

considered unacceptable. 

Acceptable edge chips  were 0.015 inches i n  

Acceptable corner chips 

Chips exceeding these  dimensions were 

2.2.3.1 Hot Wire 

A 0,030 x 0.005 inch nichrome ribbon was heated t o  approximately 750°C 
and passed along t h e  edge of  t h e  covered c e l l ,  thus  cu t t i ng  o f f  t h e  

excess coverglass. Cutting speed was 12-15 inches per minute. 

2 - 16 



Preliminary results appeared very promising u n t i l  a comprehensive 

microscopic examination was performed. The hot wire vaporized some 

of t h e  s i l i cone  rubber adhesive during t h e  cu t t i ng  operat ion which 

l e f t  a very heavy ash deposi t  on t h e  g lass .  

caused excessive damage t o  t h e  edge of t h e  g lass .  

became coated with an excessive quant i ty  of  g l a s s  a f t e r  about s i x  

c u t s  along t h e  0.788 dimension of t h e  c e l l .  

hampered cu t t i ng  and had t o  be cont inual ly  removed before addi t iona l  

c u t t i n g  continued. There was concern t h a t  t h e  process may cause 

e l e c t r i c a l  degradation. Therefore, I-V curves were taken f o r  t h e  

c e l l  t o  determine i f  any degradation had occurred i n  t h e  e l e c t r i c a l  

c h a r a c t e r i s t i c s  due t o  e f f e c t s  of t h e  hot  w i r e  on t h e  c e l l  edge, 

Two t y p i c a l  curves a r e  presented i n  Figures 1 and 2. 

Removal of t h i s  ash 

The hot  w i r e  a l so  

This accumulation 

Although the re  

was a de tec tab le  change it was not considered s ign i f i can t .  

Figure 2.2-3 

another detr imental  aspect of t h e  hot wire technique; t h a t  is ,  t h e  

formation of  bubbles under t h e  g l a s s  surface.  This bubble formation 

was due t o  a momentary pause i n  t h e  cu t t i ng  s t roke  thus  ind ica t ing  

a c r i t i c a l  process var iable .  

i s  a photograph of a hot wire trimmed c e l l  which shows 

Figures 2.2-4 and 2.2-5 (photographs) i l l u s t r a t e  examples of  

acceptable and unacceptable hot wire trimmed edges based on t h e  

spec i f ica t ion  previously defined. 

2.2.3.2 Abrasive Cutting 

This coverglass trimming technique uses a small high ve loc i ty  j e t  

of abrasive p a r t i c l e s  t o  t r i m  t he  g lass .  This equipment i s  essen- 

t i a l l y  a subminiature sandblaster  using abrasive g r i t  25 microns i n  

diameter propelled by an a i r  pressure o f  80 p.s.i.  through a nozzle 

0.006 inches i n  diameter. 

surface. Cutting speeds of  t h i r t y  inches per minute on t h e  l L . 3  mi l  

g l a s s  were obtainable.  

with t h i s  method was t h e  degradation of t h e  c e l l  junction. 
due t o  erosion of  t h e  c e l l  edge i f  t h e  abrasive stream was not 

d i r ec t ed  precisely.  Some halo e f f e c t  due t o  overspray of  t h e  abrasive 

was noted on t h e  g l a s s  adjacent t o  t h e  cut ,  but e f f e c t s  on c e l l  output 

The nozzle was 0,015 inches above t h e  g l a s s  

The only d i f f i c u l t y  occasional ly  encountered 

This was 
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Fig e 2.2-3 Acceptable 
(?Ox) C e l l  on r igh t  s ide  

Fig. 2.2-4 Unacceptable 
becsause of g las s  chip 

(5Ox) C e l l  on r igh t  s ide  

Fig. 2.2-5 Bubble caused by overheating 
(?Ox) C e l l  on r i g h t  s ide  2 - 20 



were not detectable .  

could be ul t imately overcome and t h i s  system should be re ta ined  a s  

a po ten t i a l  process technique. Figures 2*2-6 and 2.2-7 i l l u s t r a t e  

examples of acceptable and unacceptable c u t s  performed by t h e  abrasive 

trimming technique. 

It i s  f e l t  t h a t  these  alignment problems 

2.2.3.3 Diamond Scribe 
I "  

This method of" s iz ing  t h e  ribbon g la s s  appears t o  be t h e  most 

successful  of  t h e  th ree  processes invest igated.  This process con- 

s is ts  of l i g h t l y  scoring t h e  surface of t h e  g l a s s  and then bending 

t h e  g l a s s  along t h e  scoyed l i n e  u n t i l  t h e  f r a c t u r e  occurs. 

The diamond sc r ibe r  se lec ted  f o r  t h i s  t a s k  was polished t o  a point 

with a 0.0005-OeOOl inch radius.  

appl ied t o  t h e  scr ibe.  

1OX stereomicroscope so t h a t  precise  con t ro l  of t h e  d is tance  from 

t h e  edge of t h e  c e l l  could be maintained. For a production process 

an accurately indexed t o o l  would be used. This edge dis tance i s  

r e l a t i v e l y  c r i t i c a l  and must be held t o  f i v e  m i l s  o r  less from t h e  

c e l l  edge t o  avoid a random f r a c t u r e  of t h e  g lass .  

Figures 2-2-8 and 2.2-9 i l l u s t r a t e  examples of acceptable and 

unacceptable edges done with t h e  diamond scr ibe .  

a comparison of t h e  r e s u l t s  obtained when a l a rge  quant i ty  of c e l l s  

were processed with the  th ree  trimming techniques. 

Thir ty  grams of pressure was 

I n  t h i s  t e s t , s c r i b i n g  was performed under a 

Table 1 summarizes 

2 2 .. 3.4 Conclusions 

The f e a s i b i l i t y  of  an automated coverglass assembly process i s  

exce l len t  and addi t iona l  work w i l l  be performed t o  r e f ine  t h e  

concept and improve t h e  y i e l d  of  acceptable uni t s .  

t h a t  has been se lec ted  f o r  addi t iona l  study w i l l  be Sylgard 182 o r  

XR6-3489. 
s c r ibe  trimming technique, 

The adhesive 

Trimming s tudies  w i l l  be continued using t h e  diamond 
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Fig. 2.2-6 Acceptable abrasive cut 
(5Ox) Cell on right side 

Fig., 2,p-T Unacceptable abrasive cut 
(?Ox) Cell on right side 

Fig. 2.2-8 Acceptable scribed break 
(5Ox) Cell on right side 

2 - 22 

Fig. 2.2-9 Unacceptable scribed break 
(5Ox) Cell on right side 
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2.3 SOLAR CELL IEJTERCONNECT STUDY 

2,3.1 Interconnector Stud.y 

During t h i s  repor t  period a stress ana lys is  of s o l a r  c e l l  i n t e r -  

connectors was conducted. This ana lys i s  inves t iga ted  not only t h e  

manner i n  which stresses could be expected t o  d i s t r i b u t e  themselves 

throughout t h e  array,  but a l s o  defined environmental parameters which 

can be u t i l i z e d  i n  interconnector  design, 

p r inc ip l e  u t i l i z a t i o n  of t h e  interconnector would be i n  terms of  

e l e c t r i c a l  cont inui ty ,  and t h a t  a c t u a l  s t r u c t u r a l  s t rength  should be 

provided f o r  by t h e  a r r ay  subs t ra te .  

s ix pa r t s .  

1) 
2 )  Thermal expansion motion 

3) Thermal cycling fa t igue  

4) Vibration fa t igue  

5 )  
6) Alternate  loop concepts 

It was assumed t h a t  t h e  

The ana lys i s  cons i s t s  of 

S t r e s s  d i s t r ibu t ion  i n  t h e  a r ray  

General model f o r  stress loops 

2.3.1-1 S t r e s s  Dis t r ibu t ion  

For present day s ta te-of- the-ar t  conventional a r ray  the  subs t ra te  can 

be character ized as r ig id .  

subs t r a t e  weight was reduced t h e  subs t ra te  r i g i d i t y  was a l s o  diminished. 

I n  the  present study the  subs t ra te  of concern i s  a 1 m i l  polyimide 

Kapton H film subs t ra te  and r i g i d i t y  i s  almost nonexistent. 

result, t h e  stress d i s t r i b u t i o n  across  the a r r ay  w i l l  be expected t o  

be q u i t e  d i f f e ren t  from t h e  present day r i g i d  substrate .  Environ- 

mental loads,  thermal and v ibra t iona l ,  w i l l  be t ransmit ted through the 

substrate ,  interconnector,  c e l l  adhesive, and c e l l .  The coverglass 

assembly can most l i k e l y  be ignored although i n  some designs one could 

conceivably couple stresses i n  t h e  coverglass assembly t o  t h e  e n t i r e  

panel through t h e  s o l a r  c e l l .  

g l a s s  assembly w i l l  be neglected,  

I n  more advanced designs, a s  t h e  ove ra l l  

A s  a 

I n  t h i s  examination however, t h e  cover- 

I n  order  t o  qua l i t a t ive ly  understand t h e  panel behavior under s t r e s s ing  

t h e  spring rates K, can be calculated f o r  t h e  simple case of s o l a r  c e l l ,  
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interconnector,  and subs t ra te .  It w i l l  be assumed for t h e  present 

t h a t  t h e  c e l l  adhesive can be neglected a s  a s t r e s s  r e l i ev ing  means. 

For any l a rge  panel, i . e . ,  one meter or grea ter ,  t he  approximation 

should be viable .  A schematic f o r  a representa t ive  system i s  shown 

below. This approximates t h e  interconnector  a s  a s t r a i g h t  segment 

p a r a l l e l  t o  t he  subs t ra te .  For t h e  spring r a t e  ca lcu la t ions  t h i s  i s  

qu i t e  accurate.  

2 

L 4  
Cell 

A gap of O , O l 7 "  between c e l l s  w i l l  be assumed. 

nominally 0.788 x 0.788" s i l i c o n  c e l l s  e 

width of OelOO" a t  a thickness  of 0.002" w i l l  be examined.. 

ana lys i s  t h e  c e l l s  w i l l  have a polyimide subs t ra te  completely covering 

the  back. 

0.394 f 0.017 f 0,394 = 0.805" length and 0.788" wide with a thick-  

ness of o.oo~". 
btE The spring r a t e  K i s  given a s  F f  s or - L 

Where s = FL 

mater ia l  thickness  and width respect ively.  

The c e l l s  w i l l  be 

A t o t a l  interconnector  

For t h i s  

The polyimide subs t r a t e  w i l l  have an area defined a s  

Eq. 2.3-1 I 

- - stress and F i s  t h e  appl ied force,  t and b a r e  the  

E i s  the  modulus of e l a s t i c i t y  f o r  t h e  mater ia l  element, and L i s  

t h e  length. 

poly i m i  de 
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= (.788_2 (,01)(10,5 x 10 6 ) = 1.0 x 10 5 
e 805 Ksubs t ra te  

. o ~ o "  aluminum 
ins tead  of polyimide 

4 6 - - ] = l ,o 
Kinterconnector ,017 

.002 'I a luminum 

Any force  f ,  appl ied t o  the  subs t ra te  o r  interconnector  w i l l  produce 

a def lec t ion  X, s a t i s fy ing  f = KX, Correspondingly, t h e  appl ica t ion  

of a def lec t ion  X t o  t h e  mater ia l  w i l l  r equi re  t h e  use of a force  f ,  

given by t h e  above r e l a t ionsh ip ,  What t h i s  means i s  t h a t  a force  f 

w i l l  produce a s t r a i n  S i n  t h e  subs t ra te  such. t h a t  S = - If t h e  

interconnector  must then a l s o  absorb such a s t r a i n  then it must 

f 
KS 

experience a force  f For t h e  ease of an i 
and an aluminum interconnector  as described above 

Thus, whereas the r i g i d  subs t r a t e  ( i . e . ,  aluminum 

a system i n  which t h e  subs t r a t e  absorbs the  major 

= Ki S. aluminum subs t r a t e  
1 - f .  10 

substrate7 provides 

- f -  - fi - Ki 

p a r t  of s t r e s s e s  
1 ( i . e .  Ki/Ks = 5) t h e  spr ing r a t e  f o r  the  polyimide subs t r a t e  ( i . e e ,  

K. 
1 -  _ -  - 20) ind ica t e s  t h a t  unless  s t r e s s  r e l i ev ing  i s  u t i l i z e d ,  the 

KS 

appl ied forces  w i l l  be absorbed aliliost totall;. by t h e  i n t e r -  

connector. 

However, i f  stress re l iev ing  i s  u t i l i z e d  so  t h a t  the interconnector  

can be ignored as a s t r e s s  member, then a l l  s t r e s s e s  can be d i s t r ibu ted  

through t h e  subs t r a t e  which is  what i s  needed f o r  a r e l i a b l e  i n t e r -  

connector design. Also, comparing spr ing rates f o r  r i g i d  aluminum 

subs t r a t e s  (10 ) and polyimide subs t r a t e s  (4.2 x 10 ), they ind ica t e  

t h a t  much g rea t e r  expansion will be experienced for a given force  by 

the  polyimide subs t ra te .  

5 2 

To f u r t h e r  descr ibe t h e  above systea; a simple approximation t o  t h e  

a r r ay  system can be imagined as a system of spr ings Ki >>Ifso 
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It i s  obvious t h a t  forces  appl ied t o  t h e  system will cause the  

system t o  behave e s s e n t i a l l y  as i f  only Ki exis ted,  unless  stress 

re l i ev ing  i s  employed such t h a t  K. e f f ec t ive ly  becomes zero. 

Furthermore, unless  t h e  array i s  somehow constrained t o  be i n  a 

f la t  plane, t h e  appl ied forces ,  e i t h e r  through v ibra t ion  of thermal 

1 

e f f e c t s ,  w i l l  tend t o  cause bending of t h e  a r r ay  out of a f l a t  plane 

because of t h e  unequal torques due t o  t h e  system of Ki and Ks. 

Therefore t h e  problem of designing an interconnector  system reduces 

t o  one of e l iminat ing t h e  interconnector  as a stress member. 

t y p i c a l l y  i s  done by providing a stress loop which allows c e l l  move- 

ment with r e s t r a i n t  provided only by t h e  subs t ra te .  The amount o f  

c e l l  movement t h a t  must be accounted f o r  va r i e s  depending on t h e  

This 

cause of movement. 

The ex ten t  t o  which t h e  interconnector,  c e l l ,  and subs t r a t e  could be 

expected t o  expand ( con t r ac t )  under temperature cycling can be 

reasonably calculated f o r  t h e  polyimide subs t r a t e  case. To t h i s  

end, a worst case approach w i l l  be employed t o  examine s t r e s s e s  i n  

t h e  interconnector  due t o  thermal conditions.  A t  t h e  present time 

a thorough inves t iga t ion  of t h e  v ib ra t iona l  loads cannot be conducted 

because of t h e  lack of stowed configuration cha rac t e r i s t i c s ,  however 

work on r o l l  up a r rays  have provided some ant ic ipa ted  subs t r a t e  

s t r e s s e s  t h a t  w i l l  be u t i l i z e d  t o  determine approximate c e l l  motion 

values. 

on c e l l  motion i n  general, with spec i f i c  emphasis placed on motion 

associated with thermal e f f e c t s .  

a general  descr ip t ion  will be made of how v ib ra t iona l  e f f e c t s  can be 

accounted f o r .  

The problem of interconnector  design will therefore  be based 

Then once a design model i s  obtained, 

2.3.1-2 Thermal Expansion Motion 

It w i l l  be assumed f i r s t  t h a t  no interconneetor  i s  at tached t o  t h e  

c e l l  and only t h e  subs t r a t e  expansion w i l l  be examined. 

value can then be used t o  design a s u i t a b l e  stress re l ieved  intereon-  

nector.  The expansion of t h e  a r r ay  can be considered from two views- 

F i r s t ,  i f  t h e  subs t r a t e  i s  bonded r i g i d l y  t o  a l l  p a r t s  of t h e  c e l l  it 

This expansion 
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w i l l  expand as a u n i t  with t h e  cel l .  I n  t h i s  model t h e  i n t e r c e l l  

spacing i s  changed only by t h e  subs t r a t e  expansion associated with 

t h e  s m a l l  spacing between c e l l s .  

assumed t h a t  t h e  c e l l s  " f loa t "  with l i t t l e  r i g i d i t y  between subs t r a t e  

and c e l l .  

centroid of adjacent cells .  

i n t e r c e l l  spacing change. These two extreme cases produce d i f f e r e n t  

c e l l  motion values which are calculated below. 

A t  t h e  o ther  extreme, it can be 

Then t h e  subs t r a t e  expansion occurs with respect  t o  t h e  

This model will produce a much g rea t e r  

Case I Substrate  r i g i d l y  bonded t o  t h e  c e l l .  

The change i n  subs t r a t e  length i s  then A Y1 = Y (Y A T  Eq. 2.3-2 1 k  

= coe f f i c i en t  of thermal expansion f o r  Kapton H film (Yk 
A T =  temperature change i n  O C  

Y. = 0.017 inch f o r  a t y p i c a l  array 
1 

It i s  assumed t h a t  panel f ab r i ca t ion  w i l l  occur a t  about 28Oc. Hence, 

t h e  AT w i l l  be 100-28 = 72OC, using 1 0 0 ° C  as a t y p i c a l  high temperature 

value 
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Therefore A Y = (0.017") ( 2  x SO-5 in/in"C) (72OC) 

= 2.5 x i n .  

Case 2 Substrate  expands with respect  t o  centroids  of adjacent 

cells. 

Here, A L = L ak A T L = 0.394 + 0.394 + 0.017 = 0.805 

A X = X asi A T x = 0.788 

A Y 2 = A L - A X  ak = 2 10-5 
-6 

= 7.2 x i o  %3f 

Theref ore  

-4 A L = (0.805) ( 2  x 

A X  = (0.788) (7 .2  x (72) = 4 . 1  x i n .  

(72) = 11.6 x 10 i n .  

-4 and A Y  = 7.5 x 10 i n .  

Hence, depending on t h e  cha rac t e r i s t i c s  of t h e  adhesive between 

c e l l  and subs t ra te ,  an expansion between 2.5 x i n .  and 

7.5 x 10 

A s i m i l a r  ca lcu la t ion  for cooling t o  a t y p i c a l  value of - 100°C 

-4 i n .  can be expected t o  occur upon heat ing t o  100°C. 

y i e lds  a contract ion d is tance  varying from 4.4 x i n .  t o  
-4 13.3 x 10 i n .  With these  values a minimum requirement f o r  a 

stress loop i s  obtained by requir ing t h a t  much more interconnector  

length.  Empirically, thermal cycle t e s t s  have shown t h a t  t h i s  

minimum interconnector  loop i s  not s a t i s f ac to ry .  

i s  due t o  f a t igue  e f f e c t s  incurred through repeated f l ex ing  of 

t h e  interconnector and t h i s  problem w i l l  be discussed l a t e r  using 

t h e  above values f o r  c e l l  motion as minimum design goals .  A more 

This discrepancy 
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prec ise  ca lcu la t ion  of stress relief length would include a complete 

examination of v ib ra t iona l  e f f e c t s  and twis t ing  of t h e  interconnector  

due t o  motions perpendicular t o  t h e  Y d i rec t ion ,  with f u r t h e r  correc- 

t i o n s  f o r  t h e  fa t igu ing  proper t ies  of t h e  interconnector  material. 

If w e  go back t o  t h e  s i t u a t i o n  where no stress re l i ev ing  i s  employed 

i n  t h e  interconnector,  thermal changes w i l l  not stress t h e  intercon-  

nector  t o  any l a rge  degree due t o  the  r e l a t i v e l y  low spring rate of 

t h e  subs t r a t e .  I n  other  words t h e  subs t r a t e  would buckle o r  s t r e t c h  

t o  comply with t h e  interconnect length change thus t r ans fe r r ing  a l l  

of t h e  ex terna l  a r r ay  forces  from the  subs t r a t e  t o  t h e  interconnector.  

Vibrat ional  bending and twis t ing  loads could then impose severe 

stresses i n  interconnector  and interconnector  bond regions. 

For t h e  case of a d i r e c t  diagonal interconnect,  

t h e  stresses could lead t o  high fa t igue  rates a t  t h e  c e l l  edges. 

Similar ly  with a common s t r e s s  r e l i e f  loop 

consideration must be taken of t h e  f a t igue  due t o  bending as a r e s u l t  

of c e l l  movement. 

By using a wraparound interconnector o r  a wrap-around c e l l  contact  

these  bending f a t igue  f a i l u r e s  can be e s s e n t i a l l y  eliminated. I n  

t h i s  case a l l  loads a r e  ca r r i ed  i n  a bas i c  s t r e s s - s t r a i n  mode with 

t h e  intereonneetor  and subs t r a t e  being in t imate ly  bonded s o  they a c t  

as a s ing le  stress m e m b e r  and metal interconnector  thickness  can be 

made extremely t h i n  t o  minimize stresses i n  t h e  m e t a l  across  t h e  

c e l l  gap. 
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Fig. 2.3 

For t h i s  wrap-around configuration, t h e  design must consider 
pr imari ly  plane 

nector  and subs t r a t e  and shear  loads on t h e  bond region. For t h e  

s i t u a t i o n  of simple thermal motion then, t h e  wrap-around intercon-  

nector  avoids t h e  bend fatigue associated with diagonal interconnects 

o r  stress r e l i ev ing  loops. Various approaches t o  a system of i n t e r -  

connectors do e x i s t .  The a c t u a l  configuration depends on t h e  t o t a l  

s t r e s s / s t r a i n  c h a r a c t e r i s t i c s  i n  t h e  intercon-  

a r r ay  configuration and environment. 

stresses a r e  not as important i n  a system with stress r e l i ev ing  

Although shor t  term d i r e c t  

loops, experience has shown t h a t  repeated bending and f l ex ing  as 

would be expected i n  a f l e x i b l e  a r r ay  can impose f a t igue  f a i l u r e s .  

2.3.1-3 Fatigue Fa i lure  - Thermal Cycling 

A s  ca lcu la t ions  i n  t h e  previous sec t ion  indicated,  t h e  ac tua l  amount 

of excess length required f o r  stress re l i ev ing  an interconnector  i s  

r e l a t i v e l y  s m a l l  and t y p i c a l l y  i s  on t h e  order  of a f e w  m i l s .  

i n  many cases where more than t h i s  minimum e x t r a  length i s  u t i l i z e d ,  

f a i l u r e s  i n  t h e  interconnector  under thermal cycling do occur. The 

explanation of t h i s  apparent d5screpancy i s  t h a t  f a t igue  occurs i n  

a material where r e l a t i v e l y  low l e v e l  stresses are experienced i n  

cycling. The present inves t iga t ions  w i l l  therefore  look a t  t h e  type 

of stress l e v e l s  which can produce f a t igue  f a i l u r e s ,  co r re l a t e  these  

stresses with a c t u a l  c e l l  motions, and examine various concepts f o r  

minimizing t h e  p o s s i b i l i t y  of f a t igue  f a i l u r e s .  

However, 
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Again, a r r ay  loads are t o  be expected, bas i ca l ly  from two sources. 

These cons is t  of sho r t  term and r e l a t i v e l y  severe v ib ra t iona l  

loading and long term, r e l a t i v e l y  m i l d ,  thermal loading. O f  these  

two t h e  v ib ra t iona l  problem i s  t h e  most complex. Not only does it 
depend upon t h e  environment and s t r u c t u r a l  materials, bu t  a l s o  t h e  

s t r u c t u r a l  and stowage configuration. 

t h e  ana lys i s  w i l l  be based on t h e  thermal motions calculated i n  t h e  

previous sec t ion .  

A s  a first approximation then, 

Earlier, t h e  amount of c e l l  motion i n  a thermal cycle of - 100°C 
t o  f 100°C w a s  ascer ta ined.  

determine t h e  minimum excess amount of interconnector  length 

required as a s t r e s s  loop f o r  pro tec t ion  aga ins t  f a t igue  f a i l u r e .  

( I f  v ib ra t iona l  motion were defined i n  terms of a similar c e l l  

motion then it a l s o  could be used as a design requirement.) 

From t h i s  value it i s  possible  t o  

The bas ic  model t o  be examined w i l l  cons is t  of an a r r a y  of s i l i c o n  

s o l a r  c e l l s  with an i n t e r c e l l  gap of O.Ol7". This corresponds t o  

t h e  series gap present ly  used i n  other  ca lcu la t ions  i n  t h i s  study. 

The subs t r a t e  will be 0.001" polyimide f i l m .  A f u r t h e r  assumption 

w i l l  consider t h a t  t h e  stress loop bend radius  i s  0.010". 

a l s o  i s  a commonly used value i n  conventional designs and i s  

compatible with t h e  c e l l  spacing value. The e f f e c t s  of a l t e r i n g  

t h i s  bend radius  w i l l  be mentioned later,  however as a general  r u l e  

t h e  following ana lys i s  of bending s t r e s s e s  w i l l  apply. 

For a given piece of material t h e  s t r e s s e s  incurred through bending 

a r e  given by: 

This 

E ' X  s =- 
R 
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where E i s  t h e  modulus of e l a s t i c i t y ,  X i s  t h e  dis tance f r o m t h e  

center  of bending t o  t h e  stress point  i n  question, and R i s  t h e  

radius  of curvature.  For a t h i n  uniform interconnector  t h e  center  

of bending w i l l  l i e  i n  a plane located midway through t h e  thickness  

of t h e  interconnector.  Obviously t h e  maximum stress w i l l  be a t  t h e  

interconnector  surface.  

= Ed where d = ha l f  thickness of t h e  interconnector.  max R S 
Eq. 2.3-4 

It i s  assumed t h a t  when t h e  interconnector  w a s  bent t o  i t s  assembly 

shape, it was subsequently annealed o r  t h e  working l e f t  t h e  p a r t  with 

e s s e n t i a l l y  no res idua l  stress buildup. S t resses  w i l l  occur only 

with f u r t h e r  bending. The a c t u a l  amount of stress i n  t h e  interconnector  

can be ca lcu la ted  i n  t h e  following manner. 

F i r s t  t h e  i n i t i a l  and f i n a l  radii of curvature as a r e s u l t  of t h e  c e l l  

movement are determined. The ac tua l  s t r e s s  l eve l s  incurred through 

bending from t h e  f l a t  configuration t o  each of" t he  des i red  r a d i i  are 

calculated.  Then, t h e  d i f fe rence  i n  these  values y i e lds  t h e  stress 

l e v e l s  t o  which t h e  interconnector  will ac tua l ly  be subjected.  Since 

f a t igue  i s  dependent upon a ma te r i a l ' s  h ighes t  stress l e v e l  t h e  

maximum s t r e s s  as defined earlier, w i l l  be used. Therefore, 

Eq. 2.3-5 1 1 Sf = f a t igue  stress = Ed 

where R = i n i t i a l  radius  (here  equal t o  0.010") i 

Rf = final radius  

E a r l i e r  ca lcu la t ions  ind ica ted  that t h e  t o t a l  ce l l  movement from 

- 100°C t o  + 100°C would be - 0.001 incheso 

it will be assumed t h a t  t h i s  t o t a l  motion cons is t s  of a smooth 

+ 
For s impl i f ica t ion  
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+ - 0.001 inch motion about the pre-bent position. 

Stress fatigue data is given as a curve, as a function of cycles to 

failure on a log scale for a particular material. The fatigue rate 

is dependent upon the actual stress levels experienced. For a typical 
material such a curve w i l l  have the characteristic like the sketch 

below. 2 )  

It is obvious that a slight increase in stress levels can often 

produce a dramatic decrease in the material lifetime. The endurance 

limit is therefore defined as that stress level for which essentially 

no fatigue will occur. As a practical matter, 5OO,OOO,OOO cycles is 
usually used as the definition of no fatigue. In the above figure 

then, the endurance limit is shown as a dashed line. Under some 

circumstances, it may be possible to use significantly higher stress 

levels ( 50% or greater) with acceptable cycling lifetime, however, 
as a general rule one can realize only a small increase in stress 

levels (25%) before cycle lifetime becomes too short. 

As an example, an interconnector thickness of 0,002" w511 be assumed 
(d = O.0Ol1') The interconnector material w i l l  be AR 1100-0. The 
stress value for the material "endurance limit" will be used. 

stated above this value indicates the cycle stress which a material 

can withstand without any failure occurring and characteristically 

represents no failures up to 5OO,OOO,OOO cycles. Obviously for an 

As 

2 ) Metals Handbook, V o l .  1, eighth edition, American Society for Metals. 
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a c t u a l  a r r ay  t h i s  f i gu re  i s  not a reasonable design goal  s ince  a 

mission with 90 minute o r b i t a l  period will have approximately only 

6,570 cycles during each y e a r ' s  l ifetime. But s ince  t h e  ac tua l  

r e l a t ionsh ip  of t h e  f a t igue  stress f o r  t h i s  number of cycles i s  not 

known a "bui l t - in"  safety f a c t o r  w i l l  r e s u l t  i n  using t h e  endurance 

l i m i t .  I n  t h e  f i rs t  configuration t o  be examined t h e  stress loop 

will be placed with i t s  center  of curvature i n  t h e  plane defined by 

t h e  c e l l  surfaces  ( i . e . ,  t h e r e  i s  e s s e n t i a l l y  no expansion loop) .  

I n  t h i s  manner, c e l l  motion will be d i r e c t l y  related t o  t h e  radius  

change. 

Since the  i n i t i a l  bend radius  i s  known, t h e  maximum allowed change 

i n  rad ius  without exceeding t h e  endurance l i m i t  can be calculated as ,  

Eq. 2.3-6 - Ri 

sf Ri 
Ed 

Rf - 
1----- 

For a given system ( A A  1100-0 interconnector,  with Ri 

E = 10 ps i ,  th ickness  = 0.002'' and S = 5000 p s i )  

0.010", 
7 

f 

Hence, t h e  maximum allowable change i n  curvature radius  i s  0.00005". 

This i s  obviously s i g n i f i c a n t l y  less than t h e  radius  change t o  be 

expected from t h e  0.001" c e l l  spacing change, which w i l l  produce 

radius  change on t h e  order  of O.OOO5". 
a 

If w e  change mater ia ls  and t r y  5050-0 aluminum which has a higher 

endurance l i m i t  with bas i ca l ly  t h e  same e l e c t r i c a l  p roper t ies  and 
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f ab r i ca t ion  proper t ies  w e  g e t  t h e  following r e su l t s .  

Sf can be increased t o  12,000 ps i ,  compared to 5,000 p s i  f o r  AA 1100-0. 

10( (0.001) 
= 0.01012" 

f o r  a maximum radius  increase  of 0.00012". 

This again i s  w e l l  below t h e  a c t u a l  expected change of O.OOO5". 

Since t h e  stress l eve l s  decrease with increasing bend r a d i i  (E, d, and 

S 

be examined. 

remaining t h e  s a m e )  t h e  e f f e c t  of a 0,020" bend rad ius  w i l l  next f 

Again AR 5050-0 w i l l  be used. 

0 0 020 R =  2 
; L. 2 x l0k ( O f  .J_.. 1 -  - -*--L 

107 (0.001) 
= 0,02048" 

f o r  a maximum allowed increase  of 0.00048". 

This  

must 

If a 

s =  f 

This  

value i s  compatible with t h e  c e l l  spacing change, but  r e a l i s t i c a l l y  

be considered a marginal design. 

2 m i l  copper interconnector  i s  examined E = 1.8 x 10 , and 

11,000 p s i .  

7 

- 0.010 - 
Rmax 1 - -- (11,000) (0.010) 

( L A  107) (0.001) 
= 0.01006~~ 

o r  an increase of 0.00006" 

value i s  only s l i g h t l y  b e t t e r  than f o r  t h e  case of AR 1100-0 and 

a 0.010" bend radius.  

advantage over aluminum. 

I n  summary, i f  t h e  stress loops are placed such t h a t  the center  of 

curvature l ies  e s s e n t i a l l y  on t h e  plane of t h e  c e l l  surfaces,  it i s  

evident t h a t  from a f a t i g u e  standpoint t h e  minimum allowable change 

Hence, t h e  copper interconnector  o f f e r s  no f a t igue  
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i n  r a d i i  w i l l  be  exceeded. This i s  evident from t h e  diagram. 

The approximate length of t h e  s t r e s s  loop i s  TT R or 0.031L" f o r  

R = 0.010l'. 
m t e l y  0.014" of aluminum, which w i l l  e a s i l y  allow f o r  t h e  - 0,001" 

c e l l  movements under thermal cycling. 

approximately 0.001" t h i s  would imply as a worst case t h a t  t h e  radius  

of curvature f o r  t h e  loop increased by approximately O.OO5", a value 

g rea t e r  than any of t h e  allowable stress l e v e l s  calculated for on t h e  

b a s i s  of t h e  endurance l i m i t .  

Hence, over t h e  O.Ol7" gap there is  an excess of approxi- 
+ 

However, i f  t h e  c e l l s  move by 

One way i n  which improved f a t igue  res i s tance  can be obtained i s  t o  

place t h e  stress loop higher above t h e  c e l l  surface.  

t h e r e  w i l l  be less change i n  curvature rad ius  with l i n e a r  c e l l  motion 

i n  proportion t o  the loop height.  

I n  t h i s  manner 

I n  order t o  examine t h e  impact of t h e  interconnector height  reference 

w i l l  be made t o  t h e  following sketch. This schematically represents  

an extended loop interconnector between c e l l s  A and B. 
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I n  t h i s  f igure,  Y i s  one-half t h e  i n i t i a l  c e l l  spacing dis tance and 

A Y i s  one-half t h e  c e l l  spacing change (assumed t o  be expansion f o r  

t h i s  der ivat ion) .  

surfaces  t o  t h e  center  of  loop curvature.  

A X w i l l  be i d e n t i f i e d  a s  t h e  change i n  bend radius.  

h i s  t h e  height  from t h e  plane o f  t h e  c e l l ' s  

R w i l l  be t h e  bend radius .  

Ear l ier  it was shown t h a t  t h e  change i n  bend radius must be l imi ted  t o  

a maximum i n  order  t o  prevent interconnector fa t igue.  The calculated 

values f o r  t h e  maximum change can now be used t o  obtain values of h 

with which t h e  ac tua l  A Y values w i l l  form a compatible system, i . e , ,  

h must be determined such t h a t  f o r  a given c e l l  spacing change A Y, 

t h e  bend radius change A R, (now i d e n t i f i e d  with A X,) w i l l  f a l l  

within t h e  endurance l i m i t s .  This can be done i n  t h e  following manner: 

an i d e n t i t y  ( X  -, A X) - X = X 

def ine h '  h 3. R = t o t a l  loop height  

By s imi la r  t r i a n g l e s  

and Y - -  - -  X 
R h' 

Eq. 2.3-7 A Y  
A X  

h '  = R -  cons e quent l y  

Since A Y, R, and A X, are known from t h e  design, h '  (and obviously h )  

can be e x p l i c i t l y  determined. Now w e  can solve f o r  t h e  design heights  

using t h e  stress loops examples calculated before.  

R = O.Ji0 interconnector i s  2 mils thfck  copper. 

= 0.00006 A xmax 
A Y = 0.0005 

hence t h e  no f a t igue  stress loop must have a t o t a l  height of 84 m i l s  

i n  t h i s  case. This  design i s  obviously poor because of t h e  problems 

of working with such a high interconnect.  



A s  a second example w e  might t r y  t h e  2 m i l t h i c k  5050-0 aluminum a l loy .  

Again, R = 0.010 and AY = 0.005. Now however, A X  = 0.00012 

This implies a stress r e l i e f  with a t o t a l  height  of 42 m i l s ,  a value 

which although b e t t e r  than t h e  previous one, i s  s t i l l  probably too 
high f o r  a p r a c t i c a l  design. 

A t  t h i s  point ,  knowing t h e  per t inent  quan t i t i e s  and re la t ionships ,  w e  

can attempt t o  optimize t h e  interconnector system. 

can optimize t h e  design for f a t igue  res i s tance  include t h e  following: 

Ways i n  which w e  

a )  U t i l i z e  t h e  th innes t  interconnector p rac t i ca l .  

b )  U s e  a l l oys  w i t h  t h e  highest  endurance l i m i t s  within workable con- 

d i t ions .  

For example, 5050-0 AR a l l o y  could be used i n  a one m i l  th ickness  

ins tead  of two m i l s ;  however, th inner  interconnects t h a t  are self 

supporting are not l i k e l y  to be p r a c t i c a l .  

Hence : 0.010 
1 - (12,000) (0.010~ Rf = 

( lo7) (0.0005 ) 

= 0.01024 inches 

f o r  an allowable radius  increase of 0.00024 inches. 

This gives  a value f o r  h '  given by 

This value of 2 1 m i l s  i s  s t i l l  not a very des i r ab le  design requirement. 

These ca lcu la t ions  the re fo re  ind ica t e  t h a t  f o r  preventing interconnector 

f a t i g u e  through cyc l i c  thermal e f f e c t s  as specif ied,  it i s  marginally 

poss ib le  to f a b r i c a t e  a su i t ab le  stress re l ieved  interconnector,  

Obviously f u r t h e r  f a t igue  r e s i s t ance  can be obtained with th inner  

interconnects,  but  w e  are thus  faced with t h e  need f o r  e i t h e r  a l ami -  

nated o r  deposited t h i n  f i l m  interconnector on some high f a t igue  resist- 

ance subs t ra te .  I n  t h i s  respect ,  AR on polyimide might be a good 
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candidate s ince  t h e  s i m i l a r  thermal expansion coef f ic ien t  should 

minimize b i -mater ia l  thermal stresses. 

2.3.1- 4 Vibration Fatigue 

It should be reca l led  t h a t  t h e  above ca lcu la t ions  have been conducted 

with reference t o  thermal e f f e c t s  only; that increasing t h e  temperature 

extremes w i l l  increase c e l l  movement and subsequently interconnector 

stress l eve l s .  

v ib ra t iona l  motion on a lightweight polyimide film type a r r ay  was found 

t o  incur  c e l l  spacing changes on t h e  order of 4 m i l s .  

interconnector heights  of 70-80 m i l s  would be required t o  e l iminate  

f a t igue  f a i l u r e s .  This i s  obviously unacceptable. Although a r r ay  

v ib ra t iona l  motion i s  dependent upon t h e  en t i re  a r r a y  configuration 

Based on v ib ra t iona l  tes ts  by Ryan on a ro l lup  array,  

For such a case 

and method of storage,  and t h i s  motion can possibly be minimized, it 
i s  reasonable t o  be l ieve  t h a t  such arrays w i l l  s t i l l  experience c e l l  

motions i n  t h e  2-4 m i l  range. 

loops on t h e  order of up t o  80 m i l s  w i l l  be required. 

i s  not des i rab le  and consequently a l t e r n a t e  interconnector concepts 

are being considered. Before w e  consider o ther  concepts however, one 

r e a l i z e s  t h a t  conditions do e x i s t  where a stress re l ieved  interconnector 

w i l l  only have t o  account f o r  s m a l l  c e l l  motions (approximately 1 m i l )  

as with a r i g i d  subs t ra te  design. For t hese  cases it appears t h a t  it 

would be use fu l  t o  provide a generalized r e l a t i o n  f o r  determining loop 

height  based on interconnector mater ia l  and thickness  var iables .  

This w i l l  imply t h a t  conventional stress 

This s i t u a t i o n  

2.3.1-5 General Model f o r  S t r e s s  Loops 

Ultimately t h e  problem of interconnector f a t igue  can be examined 

a n a l y t i c a l l y  t o  a t  least determine approximate design requirements. 

A s  shown earlier, t h e  bas ic  quant i ty  i n  def ining a loop requirement, 

i s  t h e  c e l l  spacing change A Y. Our previous r e l a t i o n  showed t h e  loop 

height  h ' ,  as 

h '  = R A Y  - 
A X  Eq. 2.3-8 

Where R i s  t h e  bend radius  (assumed t o  be s; 0,010") and A X i s  t h e  

maximum allowed change i n  loop curvature radius ,  or 
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wh 

A X =  (R:: - SfR 
- 
Ed 

! 
and t h e  r e T = -  SfR 

E d  1 are n 

t h e  absolute  value w i l l  be understood. 

This y i e lds  

n t  t 

Eq. 2.3-9 

ind ica t e  t h a t  

Eq. 2.3-10 

Hence, w e  have t h e  generalized equation, so t h a t  given a c e l l  spacing 

change of A Y, and E, d, Sf, and R f o r  t h e  interconnector,  an approxi- 

mate value f o r  t h e  required "no f a t igue"  loop height can be calculated,  

Correspondingly, given a maximum value f o r  h ' ,  and values for R and A Y, 

a value f o r  - can be obtained. This can then be used t o  choose t h e  

proper material and thickness .  I n  t h i s  manner a configuration can be 

examined during t h e  design phase t o  determine whether or not a stress 

loop interconnector i s  p rac t i ca l .  

Ed 
Sf 

2.3.1-6 Al te rna te  Loop Concepts 

The above ca lcu la t ions  were based on t h e  use  of 0.010" or less bend 

r a d i i .  For l a r g e r  bend r a d i i  t h e  bulk of t h e  interconnector i s  above 

and extends over t h e  s o l a r  c e l l  surface.  

t h e  bend radius  a t  t h e  c e l l ' s  t op  surface becomes very abrupt and would 

present  a f a t igue  problem. 

This becomes impract ical  and 

(See sketch below.) 



The magnitude of t h i s  shape problem i s  obviously dependent upon t h e  

i n i t i a l  c e l l  spacing which has been assumed t o  be approximately O.Ol7". 

Another a l t e r n a t i v e  would be i f  t h e  l a r g e r  bend radius  i s  accommodated 

by not placing t h e  center  of t h e  loop above t h e  c e l l  surface,  bu t  

r a t h e r  below t h e  c e l l  surface.  I n  t h e  f i g u r e  below a bend radius  of 

30 m i l s  i s  assumed, such t h a t  t h e  excess interconnector material i s  

s u f f i c i e n t  f o r  approximately 1 m i l  c e l l  motion. This configuration 

w i l l  be r e fe r r ed  t o  as a "direct  loop. '' 

I n  t h i s  case, however, a c t u a l  interconnector f lex ing  i s  no longer 

centered a t  t h e  t o p  of t h e  loop, but r a the r  bending w i l l  occur a l l  

along t h e  interconnector and i n  pa r t i cu la r ,  at t h e  c e l l  bottom. 

more material i s  u t i l i z e d  (corresponding t o  a smaller rad ius)  t o  

allow f o r  motion of approximately 2-4 m i l s  as could be expected under 

vibrat ion,  stress w i l l  be concentrated pr imari ly  near t h e  c e l l  bottom. 

If 



With t h e  "heightened" loop w e  would a l s o  have a small bend radius,  

however c e l l  motion induced stresses would be concentrated pr imari ly  

a t  t h e  t o p  of t h e  loop. 

interconnector motion w i l l  now be much more evident near t h e  c e l l ' s  

bottom surface and the f a t igue  s i t u a t i o n  w i l l  be  e f f e c t i v e l y  t r a n s -  

f e r r ed  from t h e  t o p  of t h e  pre-bent loop t o  t h e  bend next t o  t h e  c e l l  

bottom. 

With t h e  "direct  loop" described above, 

This t ransfer  of fatigue loca t ion  w i l l  s imi l a r ly  occur i n  t h e  s i t u a t i o n  

of a heightened stress loop with a bend radius  g rea t e r  than  10 m i l s .  

Hence, t h e  d e s i r e  t o  use l a r g e r  bend r a d i i  as an a l t e r n a t i v e  t o  high 

stress loops ac tua l ly  only re loca tes  t h e  center  of f lexure  fatigue t o  

d i f f e r e n t  port ions of t h e  interconnector.  Again, t h i s  i s  dependent 

upon t h e  i n i t i a l  c e l l  spacing which has been set a t  O.Ol7" f o r  t h i s  

analysis. 

cycling numbers (which i s  t y p i c a l  of most a r r ay  designs used today),  

t h e  ca lcu la t ions  ind ica t e  t h a t  with optimum materials, fabr ica t ion ,  

and assembly, t h i s  type stress loop can be constructed with good 

r e l i a b i l i t y .  However, with t h e  more gross motions expected with a 

polyimide subs t ra te ,  and t h e  p r a c t i c a l  matter of s m a l l  interconnector 

flaws due t o  etching, bending, and general  handling, confidence i n  a 

no f a t igue  interconnector system can be a t t a ined  only with impract ical ly  

high stress loops. 

In  t h e  case of r e l a t i v e l y  small c e l l  movements, or low 

Summary and Conclusion 

The concept of interconnector stress re l iev ing  does not appear t o  o f f e r  

a good so lu t ion  due t o  t h e  an t i c ipa t ion  of t h e  occurrence of i n t e r -  
connec3or f l exure  f a t igue  f a i l u r e  f o r  a f l e x i b l e  subs t ra te .  That is, 

within t h e  array system concept present ly  conceived, a stress re l ieved  

interconnector,  from t h e  point  of view of f l exure  fa t igue ,  can only be 

considered a marginal system. The major problem i s  one of high s t r e s s e s  

a r i s i n g  through cyc l i c  bending of t h e  stress re l iev ing  interconnector--  

a necessary consequence of t h e  stress r e l i ev ing  concept. Y e t ,  avoidance 

of these  high stresses necess i t a t e s  unwieldy configurations.  

of t h i s  inherent trade of f ,  a more promising approach may be t h e  

Because 
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wrap-around interconnector mentioned e a r l i e r .  The wrap-around s o l a r  

c e l l  contact (no t  t o  be confused with the wrap-around interconnector)  

o f f e r s  the u l t imate  so lu t ion  here  from a conceptual point  of view. 

From a p r a c t i c a l  point  of view however, t h e  wrap-around interconnector 

appears t o  be a more immediate and p r a c t i c a l  solut ion.  With t h e  wrap- 

around type mechanisms stress re l iev ing  motions and consequently 

f lexured f a t i g u e  f a i l u r e s  are eliminated. Furthermore, t h e  wrap-around 

concept w i l l  e f f ec t ive ly  el iminate  stress concentrations from t h e  t o p  

surface contact,  as shown below. 

Obviously region A w i l l  not be subjected t o  s t r e s s  with respect  t o  

t h e  s o l a r  c e l l  motion. 

However, s ince  d i r e c t  s t r a i n  w i l l  be expected on t h e  interconnector 

where it bridges t h e  gap between c e l l s ,  it i s  necessary t o  design a 

system which can handle these  s t ra ins .  Additionally it i s  des i r ab le  

t o  avoid s t r e s s  concentrations a t  t h e  e l e c t r i c a l  bond j o i n t s .  The 

wrap-around system d e f i n i t e l y  avoids s t r e s s ing  t h e  c e l l ' s  t op  contact 

with a r r a y  motion. However t h i s  t o p  contact interconnector must some- 

how reverse i t s  d i r ec t ion  and a t t ach  series fashion t o  t h e  next c e l l ,  

e i t h e r  through an a c t u a l  180" bend or by bonding t o  a s t r a i g h t  con- 

ducting s t r i p  which connects t h e  c e l l s .  The most promising concept 

would appear t o  be t h i s  l a t te r  type. 

vacuum deposited t h i n  f i l m  conductor can be made a p a r t  of t h e  subs t ra te .  

Then'the wrap-around and bottom ( P  sur face)  contact can be made t o  the 

pre-etched or deposited c i r c u i t .  

t h e  subs t r a t e  stresses should uniformly d i s t r i b u t e  themselves along t h e  

interconnector and t o t a l  subs t r a t e  without concentrating a t  t h e  bond 

locat ions.  

I n  t h i s  way a laminated or 

Since t h e  conductor i s  now a p a r t  of 

This can p o t e n t i a l l y  e l iminate  interconnector f l ex ing  and 
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minimize stress concentrations.  This w i l l  a l s o  allow t h e  use of 

th inner  interconnectors as a means of reducing t h e  interconnector 

stress and allowing t h e  subs t ra te  t o  carry t h e  load. 

earlier t h e  stresses on t h e  interconnector were highly dependent upon 

t h e  interconnector thickness.  The standard stress re l ieved  i n t e r -  

connectors analyzed above, u t i l i z e d  thicknesses  on t h e  order of one 

or two m i l s ,  The laminated or deposited thicknesses  can be 0.5 m i l s  

o r  l e s s .  From a conductivity standpoint a 3 micron s i l v e r  conductor 

would be su f f i c i en t .  This therefore ,  allows a grea t  d e a l  of freedom 

i n  t h e  interconnector design. Although it might a l s o  be poss ib le  t o  

apply a laminate concept t o  t h e  standard stress rel ieved interconnector 

t o  a t t a i n  higher f a t igue  s t rength  with smaller stress loops, t h e  advan- 

t ages  of having t h e  a b i l i t y  f o r  t h e  laminates t o  d i s t r i b u t e  stresses, 

and being easier t o  handle ind ica tes  t h a t  t h e r e  w i l l  s t i l l  probably 

be a d i s t i n c t  advantage i n  using t h e  wrap-around technique. 

guidel ines  sketched above a bas i s  f o r  a series of interconnector 

concept t e s t s  now ex i s t s .  

A s  shown 

With the 

One o ther  major design problem does e x i s t  with a l l  t h e  above concepts, 

This i s  t h e  thermal problem inherent when d i s s imi l a r  materials are 

bonded toge ther  which have dissimilar coe f f i c i en t s  of thermal expan- 

sion. 

ment f o r  matching t h e  coe f f i c i en t s  of t h e  interconnectors and solder  

( i f  used) t o  t h e  c e l l .  

The bond point  at  t h e  s o l a r  c e l l  obviously d i c t a t e s  a require-  

The problem of matching t o  t h e  subs t ra te  expansion coe f f i c i en t  i s  a 

minor problem s ince  laminates, adhesives, and deposi ts  w i l l  not be 

concentrating stresses i n  a small region. I n  f a c t  with aluminum and 

polyimide, t h e  proximity of coe f f i c i en t s  i nd ica t e s  t h a t  stresses can 

reasonably be ignored between these  two materials. 

speaking, s ince  t h e  coef f ic ien t  of thermal expansion for s i l i c o n  i s  

s o  much lower than  t h e  majori ty  of interconnector materials present ly  

ava i l ab le  t h i s  area of concern can be expected t o  requi re  a s ign i f i can t  

design e f f o r t .  

P rac t i ca l ly  
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O f  i n t e r e s t ,  t h e r e  e x i s t s  a p o s s i b i l i t y  of mixing interconnector 

materials which are vacuum deposited on a t h i n  subs t ra te  so as t o  

e f f e c t i v e l y  provide a connector with a graduated coe f f i c i en t  of 

thermal expansion from t h e  top  surface t o  t h e  bottom surface.  (This 

w i l l  spread thermal stresses throughout t h e  bond region, r a the r  than 

concentrating them a t  the in t e r f ace . )  

or soldered t o  t h e  solar c e l l  and provide a minimumly s t r e s sed  contact 

region. Schematically t h i s  i s  shown below: 

T h i s  could i n  t u r n  be welded 

This concept present ly  appears t o  be beyond t h e  scope of t h i s  program, 

although these  new interconnect designs w i l l  open up new areas of 

study t h a t  may provide improvements f o r  fu tu re  e f f o r t s ,  The present 

program w i l l  be  d i rec ted  toward s t r a i g h t  forward t h i n  fi lm meta l l ic  

interconnector design deposited o r  laminated onto a f l e x i b l e  subs t r a t e  

material such as a polyimide which w i l l  be  u t i l i z i e d  i n  t h e  wrap-around 

interconnect configuration. 
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2.4 SUBSTRATE AND SOUR CELL BONDING SYSTEMS 

The subs t ra te  f o r  an in tegra ted  f l e x i b l e  s o l a r  c e l l  a r r a y  must f u l f i l l  

a multi tude of purposes. O f  primary concern, t h e  f l e x i b l e  subs t ra te  

i n  cont ras t  to t h e  r i g i d  subs t ra te ,  which achieves a minimum weight 

of about 0.200 lb/ft2, must have a weight less than 0.015 l b / f t 2  includ- 

ing c e l l  bonding adhesive t o  achieve a power t o  weight r a t i o  of 100 

watts per  pound f o r  an array.  The a r r ay  i n  t h i s  study includes t h e  

c e l l s ,  covers, interconnects,  adhesives, subs t ra tes ,  and t h e  bus 

connectors, but  does not include t h e  deployment mechanism. 

Additional funct ions of t h e  a r r a y  subs t ra te  which are important are: 

1. Maintain solar c e l l  series and p a r a l l e l  spacing 

2. Transmi t  loads from support s t ruc tu re  to c e l l  matrix during 

extension and r e t r ac t ion .  

3. Insu la te  t h e  power transmission bus from t h e  c e l l  matrix 

4. Resist UV and hard p a r t i c l e  rad ia t ion  

5. High temperature and vacuum s t a b i l i t y  

6. Resist f l e x u r a l  f a t igue  

7.  Flexib le  over a wide temperature range 

8. The a b i l i t y  to be bonded using conventional adhesives 

9. A reasonable abso rp t iv i ty  t o  emissivi ty  r a t i o  t o  insure  adequate 

temperature cont ro l  unless  an add i t iona l  surface treatment i s  used. 

Although t h e  aforementioned q u a l i t i e s  must be considered i n  designing 

s o l a r  c e l l  a r rays  i n  general, t h i s  study w i l l  d i r e c t  i t s  a t t e n t i o n  t o  

t h e  spec i f i c  proper t ies  t h a t  are c r i t i c a l  t o  t h e  design of an u l t r a  

l ightweight f l e x i b l e  array.  

of using a continuous subs t r a t e  sheet,  a polyimide f i l m  ribbon of some 

predetermined width w i l l  be invest igated as t h e  support f o r  the s o l a r  

c e l l  matrix. The b ig  advantage of t h i s  type subs t ra te  design i s  t h a t  

it provides support with t h e  least weight and it provides support a t  

t h e  c e l l  edges where it i s  needed t o  prevent "flapping" during vibra-  

t i o n s  and roll up. 

A s  t h e  f i r s t  p a r t  of t h i s  ana lys i s  ins tead  

It a l s o  meets a l l  t h e  o ther  funct ions required 
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above. 

experiments are RTV 3145 and Dow Corning 90-198 primer. 

and primer were se lec ted  based on t h e  r e s u l t s  of tes ts  on a l ightweight 

a r r ay  study performed by Ryan Aeronautical and Spectrolab. 

The adhesive and primer t h a t  were se lec ted  f o r  t h e  ribbon 

This adhesive 

An ana lys is  t o  determine t h e  minimum ribbon width was begun by comparing 

t h e  spring rates of a l ap  j o i n t  i n  which a s t r i p  of 1 m i l t h i c k  poly- 

imide film was bonded t o  a so lder less  s o l a r  c e l l  using a thickness  of 

1.5 m i l s  of RTV 3145 with t h e  90-198 primer applied t o  t h e  c e l l  only. 

-- 

F -  

over l a p  

F -- 
over l a p  

If w e  consider t h e  above diagram and assume t h a t  t h e  l a p  j o i n t  was 

made using two r i g i d  materials, top  and bottom, with an adhesive 

between, then t h e  spring r a t e s  of t h e  r i g i d  members would be high and 

t h e  j o i n t  would transmit stresses uniformly across  t h e  adhesive 

region L a Fa i lu re  would occur as a straightforward shear f a i l u r e  

as determined by t h e  shear modulus of t h e  adhesive material. 

In  the f l e x i b l e  a r r a y  case t h e  two members bonded toge ther  are not 

both r i g i d .  Instead, t h e  polyimide has a spr ing rate t h a t  i s  low. 

Therefore, when s t ressed  i n  shear by t e n s i l e  loading, they develop a 

nonuniform stress pa t t e rn  along t h e  l ap  as shown below. 

-j D e F l e c t i o n  

Ji 1 Adhesive St re s s  



The stress diagram indica tes  t h a t  t h e  peak stress and t h e  failure 

f r o n t  w i l l  occur a t  t h e  leading edge of the adhesive and w i l l  gradually 

s h i f t  as t h e  t e n s i l e  load exceeds t h e  bond s t rength  a t  t h e  adhesive 

f i l m  in te r face .  This f a i l u r e  mechanism w i l l  t he re fo re  be dependent 

upon t h e  glue l i n e  width W and thickness  r a t h e r  than t h e  overlap 

length L. 

To subs t an t i a t e  th i s  model with experimental data, t h r e e - c e l l  series 

modules were bonded together  using polyimide f i l m  bonded t o  t h e  c e l l s  

with RTV 90-024 (a  ref ined vers ion of RTV 3145) and DC 90-198 primer. 

Ribbons of l m i l  polyimide f i l m  were bonded t o  t h e  c e l l  rear surface 

i n  c e l l  overlap widths of 0.050, 0.100, 0.150, 0,200 and 0.250. The 

adhesive thickness  w a s  about 0.0015 inches i n  thickness .  No i n t e r -  

connects were used i n  these  assemblies. Ten sample modules of each 

of t h e  f i v e  ribbon widths were made and tested. 

imide films were bcnded t o  t h e  ends of t h e  module t o  provide g r ips  

that were s t ronger  than t h e  tes t  jo in t s .  The assemblies were subjected 

t o  t e n s i l e  loads u n t i l  separat ion occurred. These forces  were recorded 

and t h e  r e s u l t s  are presented i n  T'a,ble 2. , These data i l l u s t r a t e  

t h e  lack  of dependence of overlap length t o  f a i l u r e  loads although t h e  

0.050 inch ribbon case starts t o  ind ica te  a l imi t ing  e f f e c t .  The curve 

a l s o  shows t h a t  t h e  f r a c t u r e  i n  some cases w a s  a cement bond f a i l u r e  C 

and i n  other  cases a polyimide subs t ra te  tear K . The f a i l u r e s  were 

d i s t r i b u t e d  about half-and-half between t h e  two f a i l u r e  modes indica-  

t i n g  t h e  system was capable of being s t r e s sed  t o  a point  near t h e  

s t rength  of t h e  subs t r a t e  material. 

Two m i l t h i c k  poly- 

S t r u c t u r a l  loads generated i n  a la rge  area a r r a y  during extension and 

r e t r a c t i o n  are expected t o  be on t h e  order of f i v e  t o  t e n  pounds across  

a t y p i c a l  a r r a y  which would be t h r e e  feet wide or more. 

values p lo t t ed  on Table 2 would therefore  ind ica t e  t h a t  t h e  ribbon sub- 

strate system under consideration w i l l  be  more than adequate f o r  loads 

an t ic ipa ted  on t h i s  design concept. 

The s ing le  c e l l  
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3.0 CONCLUSIONS 

1) Solar cell cost data indicates that the cost effectiveness can 

be optimized in 1969 by using an 8 mil thick cell and in 1975 
by using a 4 mil thick cell. 
A ribbon glass cover can be applied with a conventional adhesive 
in a manner that is adaptable to automation. 

An inexpensive glass sizing technique which is adaptable to 
automation has been developed. 

The stress loop type of interconnector is marginal for fatigue 

resistance on a flexible solar array. 

A generalized stress fatigue design equation for interconnectors 
was developed. 

A wraparound concept interconnect appears more suitable for flexible 

arrays to solve fatigue problems. 

A ribbon substrate analysis showed that a continuous substrate is 
not needed and that a ribbon substrate is not limited in strength 

by overlap until an overlap width of less than 0.100 inches is 

reached. This allows a much lighter substrate to be used. 

2 )  

3 )  

4) 

5)  

6) 

7) 
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